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Brittle Faulting of Ductile Rock Induced by Pore Fluid
Pressure Build-Up
Corentin Noél' ©©, Francois X. Passelégue’, and Marie Violay"

"Laboratory of Experimental Rock Mechanics, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

Abstract Under upper crustal conditions, deformations are primarily brittle (i.e., localized) and
accommodated by frictional mechanisms. At greater depth, deformations are ductile (i.e., distributed)
and accommodated by crystal plasticity, diffusion mass transfer or cataclastic flow. The transition from
the brittle to the ductile domain is not associated with a critical depth, but rather varies in time and
space. One main parameter controlling the variation of this transition is the pore fluid pressure. On the
one hand, a pore fluid pressure increase reduces the effective stresses and possibly increases the strain
rate, bringing the system closer to brittle conditions. On the other hand, pore fluid can favor ductile
mechanisms, mostly via chemical effects, by facilitating intra-crystalline plasticity, enhancing fluid-solid
diffusion and fracture healing/sealing. We report triaxial laboratory experiments that investigated the
effect of pore fluid pressure increase during the ductile deformation of Tavel limestone. Three injection
rates were tested: 1, 5, and 10 MPa/min. We demonstrate that: (1) Under initially ductile conditions pore
fluid pressure increase immediately turns the system from compaction to dilation. (2) Dilation is due to
the development of localized shear fractures. However, the macroscopic localization of the deformation
is not instantaneous when the ductile to brittle transition is surpassed; a transient creeping phase is first
needed. (3) To reach macroscopic brittle failure of initially ductile samples, a critical dilatancy is required.
(4) Injection rate controls the final fracture distribution. We demonstrate that pore pressure build-up in a
rock undergoing ductile deformation can induce shear fracturing of the system.

1. Introduction

In the Earth’s crust, irreversible deformations are usually accommodated by two distinct modes: brittle
and ductile. Within the upper part of the crust, irreversible deformations are brittle and mainly localized
along shear fractures (i.e., faults), limiting the rock strength to frictional and fracture motions (Paterson &
Wong, 2005; Scholz, 2019). At greater depth, due to the increase of pressure and temperature, irreversible
deformations are distributed, that is, ductile (Fredrich et al., 1989; Paterson & Wong, 2005; Scholz, 2019;
Wong et al., 1997), and accommodated through plastic mechanisms such as mechanical twinning, dislo-
cation creep (Evans et al., 1990), grain boundary diffusion/volume diffusion creep (Goetze & Brace, 1972;
Rutter, 1986) or cataclastic flow (Wong & Baud, 2012). In this domain, the rock strength is described by flow
laws sensitive to the temperature and deformation rate (Evans & Kohlstedt, 1995; Goetze & Brace, 1972;
Goetze & Evans, 1979). Because rocks are polycrystalline materials, with each crystal having its onset of
plastic deformation occurring under different conditions, the transition from brittle to ductile deformation
with depth is intrinsically gradual. This transitional domain is called semi-brittle and involves the coexist-
ence of both brittle and plastic deformation mechanisms (Fredrich et al., 1989; Meyer et al., 2019). This
domain is of major importance as it marks the limit depth of seismicity (e.g., Sibson, 1977, 1982) and the
limit of hydrothermal circuits in the crust (Violay et al., 2012, 2015, 2017). These two characteristics have
led this domain to become of interest for deep reservoirs (e.g., Asanuma et al., 2012; Bignall & Carey, 2011;
Frioleifsson et al., 2014; Tsuchiya et al., 2015).

Experimental studies of the brittle and ductile domains have led to a few simple constitutive laws meant to
describe the deformation with a single mechanism (Evans & Kohlstedt, 1995; Lockner, 1995). These largely
empirical laws are often derived from low-temperature tests on compact rocks (i.e., rocks with low porosity
and without partial melts). In the brittle field, the empirical Coulomb failure criterion: 7= C + W’ (g, - Py),
where 7 is the shear strength, o, is the normal stress, P; is the pore fluid pressure and p’ is the local slope of
the failure criterion in the t - o, space, remains the most used. However, theoretical formulations linking
the remote stress applied to the rock sample to its internal damage have also been developed (e.g., Ashby &
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Sammis, 1990; Costin, 1983, 1985; Sammis & Ashby, 1986). The most used is the wing-crack model developed
by Ashby and Sammis (1990). In this model, that considers the initiation of the rock damage from inclined
penny shape cracks, the strength of the rock depends on the applied confining and pore fluid pressures as
well as some material parameters (i.e., initial damage, fracture toughness and frictional parameters). In the
ductile field, dislocation creep is often represented by a steady-state power law of Arrhenius type (Evans &

Kohlstedt, 1995; Kohlstedt et al., 1995; Weertman, 1978): ¢ = A(O', - 03 )n exp[—%} where A is a material

constant, o; and o3 are the maximum and minimum principal stresses, n is the stress exponent, Q is the ac-
tivation energy, R the gas constant and T the temperature. Other laws exist to describe ductile deformation
(see Evans & Kohlstedt, 1995); however, they are all linked to a single mechanism of deformation. Moreover,
all these constitutive laws are rough generalizations that neglect the effects of important state variables
such as fluid chemistry, pore geometry, rock alteration, and microstructural changes. Furthermore, in the
semi-brittle domain where both brittle mechanisms, such as frictional sliding or micro-cracking, and plas-
tic mechanisms coexist, recent micromechanical models have been described (e.g., Wei & Anand, 2008);
however, they are used under very specific conditions, and no simple satisfactory constitutive law exists for
general cases. In summary, laboratory measurements have shown that the transition from brittle to ductile
deformation is favored by: (1) increasing the effective confining pressure, i.e. the difference between the con-
fining and the pore fluid pressures P, — P; (e.g., Fredrich et al., 1989; Paterson, 1958; von Kadrman, 1911); (2)
increasing the temperature (e.g., Heard, 1960; Tullis & Yund, 1977); (3) decreasing the strain rate (e.g., Rut-
ter, 1972a; Tullis & Yund, 1980). Therefore, depending on the in-situ conditions, the transition from brittle to
ductile deformations is not related to a critical depth but varies with time and space (e.g., Handy et al., 2007).

One of the most important parameters that can move the brittle-ductile transition in time and space is the
pore fluid pressure. Under ductile conditions, a pore fluid pressure increase can be related to natural causes
(e.g., magma build-up in volcanic edifices, magmatic fluid pulses or fluid release during mineral phase
changes) or to anthropogenic causes (e.g., for geo-energy purposes). Around the brittle-ductile transition,
such pore fluid pressure variations may have a significant impact on the rock mass mode of deformation. On
the one hand, pore fluid pressure variations can act as a catalyst for brittle deformation by: (1) reducing the
effective confining pressure, bringing the mass rock closer to the brittle domain, particularly under drained
conditions (Bernabe & Brace, 1990; Handin et al., 1963; Robinson, 1959; Rutter, 1972b); and (2) increasing
the strain rate if rapid variations of the pore fluid pressure are produced (e.g., Noél et al., 2019a, 2019b). On
the other hand, pore fluid can promote ductile deformations through chemically activated mechanisms by:
(1) inhibiting the internal fracture of individual grains, allowing for intra-crystalline plasticity (Griggs, 1967;
Heard, 1960; Rutter, 1972b); (2) enhancing fluid-solid diffusion (e.g., Farver & Yund, 1991); and (3) favoring
fracture healing and sealing (e.g., Renard et al., 2000; Tenthorey et al., 2003).

Despite its importance for the brittle-ductile transition, only rare experimental studies have investigated
the effect of increasing pore fluid pressure from the ductile domain toward the brittle domain. For example,
Schubnel et al. (2006) showed that brittle deformations are favored in marble deforming under initially
ductile conditions as a result of an effective confining pressure reduction. Additionally, Ougier-Simonin
and Zhu (2013) showed that in porous sandstone, under initial conditions favoring ductile deformation of
the sample (i.e., at an effective confining pressure of 70 MPa), increasing the pore fluid pressure from 10 to
18 MPa promotes strain localization.

In this study, we report new results from laboratory triaxial deformations performed under ductile conditions
on a porous limestone. Particularly, we investigated the effect of an increase of pore fluid pressure on the
transition toward the brittle domain, as well as the effect of the injection rate on ductile-brittle transitions.

2. Experimental Methodology
2.1. Starting Sample

Tavel limestone (North-West of Avignon, France) was used as a starting sample for the triaxial tests. It is
almost 100% calcite and mainly composed of micrite particles of about 5 um diameter cemented together
(Nicolas et al., 2016, 2017; Vajdova et al., 2004, 2010; Vinckeé et al., 1998). Microscope analysis (with optical
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and scanning electron microscopes) of the sample revealed that its poros-

Permeability (m?)

B Permeability
@ P-wave velocity
3F | = Permeability fit

2r = Vp fit

== 95% bounds of permeability fit

== 95% bounds of Vp fit

4100 ity is composed mainly of micro-pores at the junction between micritic
particles and by a small number of more or less spherical macropores
4650 with diameters ranging from about 5 to 50 wm, consistent with previ-
4600 — ous pore analyses by Zhu et al. (2010). A detailed microscopic descrip-
2 tion of Tavel limestone can be found in Vajdova et al. (2010) and Zhu
4550 §: et al. (2010). This particular limestone has been chosen because calcite is
5 capable of deforming plastically under room temperature and relatively
4500 % low confining pressure conditions, facilitating experimental work. More-
; over, its measured permeability (see details below) allowed for fluid injec-
4450 <§ tion under drained conditions.
<" [ | = Cores of Tavel limestone were diamond drilled from a unique block to
. 14400 a diameter of 36.5 mm. From the cores, 75 mm cylinders were sawed
. " = and the opposite faces ground flat with a parallelism of + 100-pum pre-
~o | 4350 cision. Tap water was used as cooling fluid for all the preparation steps.
: N 4300 The samples were then petro-physically characterized and used for the

0 20 40 60

P - P.(MPa)

Figure 1. Permeability (k) and ultrasonic P-wave velocity (Vp) as a
function of the effective confining pressure (P - Py) of the Tavel limestone.
Permeability data as a function of P - P; were fitted by a linear regression:
k =3.58 x 1072 (P, - P;) + 8.41 x 107*® (full black line). Vp data as a
function of P, - Py were fitted by a linear regression: Vp = 0.968 (P, -

Pr) + 4,470 (full red line). The dotted black and red lines present the 95%
interval bounds of the linear regressions of the permeability and Vp data,

respectively.

80 160 120 triaxial tests.

Porosity of the samples was measured using the triple weight method (see
Guéguen & Palciauskas, 1994) and from the dry density of the samples
assuming they are composed of 100% calcite. Using these two methods,
similar porosity values were found: 10.6% =+ 0.5% and 10.8% + 0.5%, re-
spectively. Therefore, the porosity can be consistently considered as con-
nected. The measured porosity is equivalent to the one found by Vajdova
et al. (2004) and Vajdova et al. (2010), who found porosities of 10.4% and
10.6%, respectively, and lower than the one found by Nicolas et al. (2016),
who measured a porosity of 14.7%.

Permeability of the samples was measured using the steady state Darcy flow method (i.e., by imposing
a constant pore fluid pressure difference between sample ends and waiting for steady state flow to take
place) under hydrostatic conditions at effective pressures (P, - P;) between 1 and 110 MPa. The sam-
ples showed a very slight decrease of the permeability with increasing hydrostatic effective pressure from
9 x 107" to 2 x 10™"* m* (Figure 1). This low pressure dependence of the permeability suggests that the
porosity contributing to the transport properties are mainly equant pores (Pimienta et al., 2017). Note that
recent studies have shown that the effective stress coefficient for permeability can be higher than 1 for
micritic limestone (e.g., Wang et al., 2018), possibly resulting in slightly lower permeability at elevated
pore fluid pressure.

Ultrasonic P-wave velocities (Vp) were measured across the sample under hydrostatic conditions at (P, - Py)
between 3 and 110 MPa (Figure 1). The samples show a slight increase from 4,410 + 45 to 4,580 + 55 m.
s~ with effective confining pressure. These measurements are in agreement with Nicolas et al. (2016) who
found that Vp increases from 4,135 to 4,350 m.s~ with increasing P, from 0 to 85 MPa under dry conditions.
The small variation of Vp with the applied effective pressure agrees with the small variation of permeability
obtained.

2.2. Triaxial Deformations
2.2.1. Apparatus

Triaxial deformation experiments were performed using a conventional triaxial cell installed at the Labora-
tory of Experimental Rock Mechanics at the Ecole Polytechnique Fédérale de Lausanne (Figure 2a). The sys-
tem uses oil to apply a confining pressure (P, = o, = 03) up to 200 MPa (+5-kPa resolution). Upper and lower
end platens are used to apply differential stress (o, — 03 = 0, - P. = Q) up to 1 GPa (£100-kPa resolution). The
sample is isolated from the oil by a Viton jacket. Diffusion plates are placed at the sample ends to allow for a
homogeneous pore fluid pressure distribution. Pore fluid pressure (Py) is imposed with distilled water using
step motor pumps, with a 185-cm?® capacity, up to 200 MPa (+5-kPa resolution). The pore fluid pressure is
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Figure 2. (a) Cross-section drawing of the assembly used for triaxial
experiments. (a) ball joint to prevent sample misalignment, (b) upstream
pore fluid pressure sensor, (c) upper end platen, (d) internal LVDT, (e)
pore fluid lines, (f) drainage grooves to ensure homogeneous pore fluid
pressure distribution, (g) strain gages, (h) piezo-electric sensor glued on

the sample, (i) Viton jacket, (j) lower end platen and (k) downstream pore
fluid pressure sensor. (b) Map of the acoustic sensors and strain gages used
for injection experiments. Gray circles represent the position of the P-wave

sensors and rectangles the position of the strain gages.

displacement rate at the internal LVDTs of 7.5 x 10~° mm.s

recorded by two precision pressure sensors (+5-kPa resolution) close to
the sample ends. Pump fluid volume (V) variations are measured by en-
coders mounted on the pumps (+1-mm? resolution). Axial displacements
are measured using two internal Linear Variable Differential Transform-
ers (LVDTs) with a precision of 1 um and one external LVDT at the top
of the axial column with a precision of 3 um. In addition, two axial and
two radial strain gages were glued on the sample (Figure 2b), allowing
for the monitoring of local strain during sample triaxial deformation, up
to a maximum strain of 2%. Finally, the measurement of the evolution
of elastic wave velocities during the triaxial experiments was conducted
using 12 piezo-electric sensors (equipped with piezo-electric crystals: PI
ceramic PRYY + 0400, 5-mm diameter and 1 mm thick) glued directly on
the sample through holes drilled in the jacket (Figure 2Ah), which was
resealed with ductile epoxy to prevent the instruction of the confining
oil into the sample. For these active velocity surveys, the emitted signals
were pulsed at 450 V, and the received signals were amplified to 50 dB
using a preamplifier and recorded at a 10-MHz sampling rate. The sensor
arrangement was made so that the P-waves velocity could be measured at
30.9°, 50.2°, and 90° from the axis of the sample (Figure 2b), allowing for
P-wave velocity anisotropy analysis during sample deformation.

2.2.2. Constant Pore Fluid Pressure Experiments

After placing the sample into the jacket and inserting it into the high-pres-
sure vessel, the confining pressure was raised to 5 MPa. The sample was
then pumped down to vacuum and 2 MPa of pore fluid pressure was ap-
plied at the bottom of the sample. Once the pore fluid was equilibrated
(i.e., once Py measured at the top reached 2 MPa and V; was constant), the
confining pressure and pore fluid pressure were increased simultaneous-
ly to their target values. For these experiments, the confining pressures
ranged from 30 to 120 MPa and the pore fluid pressure was maintained
constant at 10 MPa during the entire experiment (Table 1). When V; was
equilibrated, the axial stress was increased by applying a slow constant
~!, which corresponds to a strain rate £, ~ 10°

s~%. The sample was then deformed up to the brittle failure of the specimen (i.e., to a stress drop), or up to

g:lr:tl;iry on the Experimental Conditions and Triaxial Mechanical Data Performed on Tavel limestone.

(0, -03)atD’ (01 - 03) peak (0, - 03) at C* Failure angle Post-mortem
Sample  P.(MPa) P;(MPa) P;Conditions E (GPa) (MPa) (MPa) (MPa) (° from o) macro-deformation
THS5 30 10 Constant 48.5 170.2 189.4 - 22 Shear failure
TB5 60 10 Constant 41.5 208.0 215.8 - 33 Shear failure
TH6 90 10 Constant 48.3 266.9 306.5 92.9 31 DCSZ
TH2 120 10 Constant 44.4 - - 122.4 - Barrel shape
TB2 120 10 1 MPa.s™ 459 - - 116.6 22 Shear failure + DCSZ
TB9 120 10 1 MPas™ 44.63 - - 87.2 25 Shear failure + DCSZ
TB7 120 10 5 MPa.s™' 43.1 - - 87.8 22 Shear failure + DCSZ
TB4 120 10 5MPa.s™' 35.2 - - 104.7 30 Shear failure + DCSZ
TH9 120 10 5MPa.s™ 45.7 = = 96.4 23 Shear failure + DCSZ
TB8 120 10 10 MPa.s™! 38.3 - - 85.82 24 Shear failure + DCSZ
THS 120 10 10 MPa.s™ 46.3 - - 101.5 23 Shear failure + DCSZ

DCSZ stands for distributed conjugated shear zone.
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about 10% of its initial length for the experiments conducted in the ductile domain. Note that the strain
rate was slow enough to maintain drained conditions in the sample during the deformation (i.e., upstream
Py~ downstream Py, consistent with diffusion time computed by Nicolas et al. (2016).

2.2.3. Injection Experiments

For the injection experiments, the same initial procedure was applied as for the constant pore fluid pressure
experiments. The initial confining pressure and pore fluid pressure were set to P, = 120 and Py = 10 MPa
(ductile domain, see Section 3.1). After 1% of axial deformation, the pore fluid pressure was raised gradu-
ally at the bottom of the sample up to 100 MPa (i.e., P, — P = 20 MPa). Note that at equivalent P, — Py, the
axial stress and the volumetric strain are directly linked (&, = &, + 2&,,9), therefore the injections are
considered to start at equivalent volumetric strain. 100 MPa pore fluid pressure limit was chosen to prevent
leakage from the P; to the confining oil. Three pore fluid pressure rates were tested: 1, 5, and 10 MPa.min™!
(Table 1). The mechanical deformation of the sample was stopped when the sample reached an axial strain
of 2%. During sample deformation, active P-wave velocity surveys were made every 2 min. Note that dur-
ing the full length of the injection experiments, the velocity of 7.5 X 107> mm.s™" (i.e., £, = 107°s™") at the
LVDTs continues to apply.

2.3. Data Treatment and Analysis

For each experiment, the displacement measured from the LVDTs was corrected for the elastic distortion
of the apparatus column (i.e., axial column, end platens and diffusion plates for the external LVDT and end
platens and diffusion plates for the internal LVDTSs), calibrated using a metal plug of a known stiffness. For
all the experiment, the differential stress was corrected for the friction of the axial piston in the apparatus
column. For each experiment, the axial strain (e,,) was computed as the ratio between the corrected axial
displacement and the initial sample length. The porosity change was computed as the ratio between the in-
jected pore fluid volume (V}) and initial bulk volume of the sample. Note that for the injection experiments,
the porosity change was calculated by correcting the pore fluid volume linked to the pore pressure increase
(i.e., due to the dilation of the pore fluid lines and water compressibility). Finally, the volumetric strain (g,)

was computed using the local measurement of the strain recorded on axial and radial strain gages assuming

SG SG i1 SG SG 1 - . . . .
Evol = Enx + 2654, With &5 and ¢4 being the axial and radial strain measured by the strain gages, respec-

tively. Importantly, strain gages allow for very local strain measurements such that localized deformations
are often not measured by the strain gages, leading to volumetric strain underestimation in the case of large
strain localization. However, overestimations are also possible if localized deformations occur at the loca-
tion of the strain gages.

For each experiment, the P-wave velocities (Vp) obtained from the active surveys were corrected by the
elastic effective pressure dependence (Figure 1). This allowed for the removal of the poroelastic response of
the bulk due to the increase of the pore fluid pressure. We note this corrected P-wave velocity as Vp©,
In order to remove sample variability, the values of Vp™™* are then normalized by the initial values (Vp)
measured at P, — Py = 110 MPa before the application of the differential stress. In addition, the computed
Vp©™® along the different pathways were used to invert the evolution of the average corrected crack densi-
ties’s increase during the experiment. This inversion was performed in the framework of a transversely iso-
tropic crack distribution, following standard procedure (see Sarout & Guéguen, 2008a; 2008b). The minimi-
zation of the difference between the theoretical and the experimental wave velocities was conducted using
a least absolute method for each velocity survey. The inversion outputs the best solution for the transversely
isotropic stiffness tensors from which the average crack densities (independent of their orientation form
the principal stresses) are computed. Here, we computed the evolution of the crack density using Vp® ™
instead of the absolute Vp values, to remove the poroelastic effects due to the increase of fluid pressure (like
the opening of cracks inducing loss of contacts along the crack). Note that this method considers the cracks
to be under dry conditions, therefore, in the case of a saturated sample, it leads to an underestimation of
the crack densities. The crack densities estimated in the following correspond to the average crack densities
for all possible orientations, which is computed from both vertical (¢,) and horizontal () crack densities
assuming p,,, = 2a, + .
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Figure 3. Mechanical data obtained from Tavel limestone deformed at P, — P; ranging from 20 to 110 MPa. (a) Differential stress (o; - P.) as a function of the
porosity reduction. (b) Differential stress as a function of the axial strain. (c) Differential stress as a function of the volumetric strain. (d) Porosity reduction as a
function of the axial strain. Note that the volumetric strain could not be recorded at values higher than 0.5% due to the system limitation.

After samples deformation, each sample was carefully taken out of the jacket. If a macroscopic shear fail-
ure had occurred, its angle from the sample axis (i.e., equal to the orientation of ;) was measured. Then,
samples were impregnated with epoxy under vacuum and a thin section perpendicular to the macroscopic
structural deformation (if visible) was prepared and analyzed under optical and scanning electron micro-
scopes (SEM) in secondary electron mode.

3. Results
3.1. Constant Pore Fluid Pressure Experiments

Constant pore fluid experiments were performed to characterize the short-term mechanical behavior of
Tavel limestone and to constrain its brittle-ductile transition. The mechanical results (Figure 3 and Table 1)
serve as reference for the injection experiments. For the confining pressures tested, three mechanical be-
haviors were observed:

(1) For experiments performed at P, — Pr < 50 MPa, after an initial linear increase of the differential stress
(o, - P.) with the axial strain, the onset of dilatancy is reached and the curve departs from linearity.
After the elastic deformation, the sample exhibits a strain hardening behavior up to a peak value (Qpeax
i.e., sample strength). During this phase, the deformation turns from compaction to dilation at the
point denoted D’ (Figure 3a and 3c). Following this peak, the sample enters a strain softening phase
after which the stress remains at a quasi-constant residual strength up to the end of the deformation.
For experiments performed at P, — P;> 110 MPa, after a first linear increase of the differential stress with
the axial strain and the volumetric strain, the mechanical curves deviate from linearity at a point noted
C* (Figure 3). After this point, the sample follows a nonlinear hardening phase. Finally, a constant
hardening rate is reached and the differential stress—axial strain curve again presents a linear behavior
(Figure 3b). During the entire experiment, the sample deformation is accommodated by compaction
(Figure 3a and 3d).

For the experiment performed at P, - Py = 80 MPa, a mix between the two behaviors was observed.
After an elastic behavior, the deformation becomes nonlinear and the sample exhibits strain harden-
ing. Then, a quasi-linear strain hardening behavior is observed. During this phase, the sample first

)

3)
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Figure 4. Peak differential stress, residual strength, differential stress at C*, differential stress at 1%, 2%, and 3% of
axial strain and differential stress at a porosity reduction of 0.2%, 0.3%, 0.5% obtained from the constant pore fluid
pressure experiments performed on Tavel limestone, plotted as a function of (a) the effective confining stress and (b)
the effective mean stress. Peak differential stress data are fitted with a wing crack model (Ashby & Sammis, 1990),
with an initial flow size of 0.8 um oriented at 45° from the axial stress, a coefficient of friction of 0.6, a critical stress
intensity factor of 0.2 MPa.m'?, and an initial damage of 0.3 (similar to Vajdova et al., 2004). Residual stress data are
fitted linearly with Qyesiqual = 3.02 X (P, — Ps) + 56.8. See supplementary materials for more details on the parameters
used in the models.

compacts. After an axial strain of about 2.8%, dilatancy become dominant at a point denoted C* (Fig-
ure 3a). After an axial strain of about 7%, the strain hardening decreases and a peak differential stress is
ultimately reached at an axial strain of 9.05% (Figure 3b). Finally, the sample enters a very small strain
softening phase.

The peak differential stress, the residual strength of experiments in the brittle field, as well as the differen-
tial stress at C* of the experiments in the ductile field were extracted to build the failure/damage envelope
of Tavel limestone (Figure 4). The values of differential stress observed at 1%, 2%, and 3% of axial strain and
at 0.2%, 0.3%, and 0.5% of porosity reduction are reported for experiments devoid of macroscopic stress drop
during the early stage. Two envelopes were defined for the brittle field using the wing crack model to fit the
sample strength (Ashby & Sammis, 1990; Brantut et al., 2012, black line in Figure 4a linear regression to fit
the residual strength (black dashed line in Figure 4).

More details on the mathematical formulations and parameters used for the envelopes are presented in the
supplementary materials.

The post-mortem analyses of the samples showed that, for samples deformed at P, - Py < 50 MPa, the
deformation was mainly localized along anastomosed shear fractures with orientations ranging between
22° and 31° from o, (Table 1 and Figure 5b, 5f, and 5i). Microscopic analysis revealed that micro-cracking
is the main mechanism controlling the deformation, although twinning was also observed (Figure 5f). The
formation of these opened cracks is in agreement with the dilation observed during the sample deforma-
tion. The post-mortem samples deformed at P, — Py > 110 MPa present a barrel shape, and the deforma-
tion is distributed across the sample (Figure 5d, 5h, and 5k). Microscopic analysis revealed that grains
endured mechanical twinning and distributed micro-cracking (Figure 5h). Some macro-pores present ovoid
shapes flattened perpendicularly to o; (Figure 5h and 5k). Finally, the samples deformed at P, - P; = 80 MPa
showed both a deformation that occurred distributed across the sample (i.e., barrel shape) and a localized
deformation along discreet shear fractures, that is, noncontinuous fractures of finite length ranging from 0.5
to 2 mm (Figure 5c, 5g, and 5j). Microscopic analysis revealed multiple noncontinuous shear fractures with
small apertures forming discreet shear zones (Figure 5g and 5j). Additionally, distributed microcracking
and twinning were present.
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‘7 Secondary electron 2 kV 300 pum Secondary electron 10 kV [ 100 um Secondary electron 5 kV

Figure 5. Post-mortem analysis of the samples which were deformed under constant pore fluid pressure conditions. (a-d) Macroscopic photo with schematic
representation. (e-h) Micrographs taken under a cross-polarized microscope. (i-k) SEM image in secondary electron mode. (a and e) intact sample. (b, f, and
i) sample deformed in the brittle domain (i.e., at P, - Py < 50 MPa) by shear fracturing. (c, g, and j) sample deformed at the brittle-ductile transition (i.e., at P,
- Py =80 MPa). (d, h, and k) sample deformed in the ductile domain (i.e., at P, — Py > 110 MPa). For the micrographs (e-h), o; is oriented subvertically. For the
SEM images (i-k), o, is oriented subvertically. A zoom on a highly cracked zone (red square) is presented in panel (f) Abbreviations: mp, macro-pore; s, shear
fracture; c, crack; t, twinning; op, ovoid pore.

3.2. Injections Experiments

For the injection experiments, the evolutions of the mechanical and P-wave velocity behaviors (Figures 6-8)
can be described in five steps. For reference, a typical mechanical behavior of an injection experiment as
well as the stress path seen by the sample is shown in Figure 6. All the injection experiments presented the
following steps:

(1) Before pore fluid injection, all the samples presented a similar mechanical behavior, with a first linear
elastic behavior followed by a hardening phase and compaction (Figures 6 and 7). During this phase,
Vpeoed was constant (Figure 8). This primary behavior is similar to the experiments performed at P,
- Py=110 MPa under constant pore fluid pressure conditions (black line in Figure 7), and all the exper-
iments present relatively similar differential stresses at C* (i.e., 100.3 + 13.8 MPa, Table 1). At the end
of this stage, and just before the injection started, the samples porosity was reduced by 0.40%-0.45%.
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Figure 6. Mechanical data obtained for the injection experiments at 5 MPa/min on Tavel limestone. (a) Differential stress as a function of the porosity
reduction. (b) Differential stress as a function of the axial strain. (c) Differential stress as a function of the volumetric strain. (d) stress path seen by the sample

plotted over the summary of the mechanical data obtained in the constant pore pressure experiments (i.e., Figure 4). Pf

e is the pore fluid pressure average

between the upstream and downstream pore fluid pressure sensors. On the four panels, the numbers 1 to 5 refer to the five principal steps observed in injection
experiments (see the main text for more details).

)

3)

When injection started (at an axial strain of about 1%), all the samples passed instantaneously from
compaction to dilation (Figures 6a, 6b, 7a, 7c, and 7d) and the hardening rate increased (Figures 6b
and 7b). As the pore pressure rose, the hardening rate decreased and the differential stress reached a
peak value after which softening was observed. These hardening and softening rate changes depended
on the injection rate: the higher the injection rate, the smaller the axial strain was at the peak differential
stress. Moreover, for all the experiments, the peak differential stress value was reached at Py ~ 50 MPa
(i.e., P. - Py ~ 70 MPa). Finally, the softening stopped when the injection reached the target value of
P; = 100 MPa (i.e., P, — Py = 20 MPa). During this phase, Vp®™** dropped quasi-linearly to between
95% and 85% of the initial value. Following the trends seen in Vp, the corrected crack density increases
from about 0.05 to 0.1. Note that during the injections, the strain rate seen by the sample changes. For
low injection rates (i.e., 1 MPa/min) the variations are negligible. For experiments with injection rates
of 5 and 10 MPa/min, the strain rate slightly increased from 10 t0 2.9 x 10°and 3.9 x 107°s™, respec-
tively. After the injection stopped, the strain rate quickly decreased back to 107° s™!. Additionally, for
high-injection rates (5 and 10 MPa/min) a pore pressure gradient was produced within the sample. The
delay time to reach equilibrium was 3 min at maximum such that the experiments can be considered
undrained during moments of large pressure gradient, and drained the rest of the time. As a conse-
quence of this drainage issue, for the injection experiments at 5 and 10 MPa.min ", a “z-shape” is visible
on the differential stress as a function of the porosity reduction curve close to the peak differential stress
(Figures 6a and 7a). A “u-shape” is also visible on the porosity reduction as a function of the axial strain
curve at an axial strain of about 0.9% (Figure 7d). These are not real porosity changes but artifacts of the
correction methods (i.e., water diffusion delay).

When the injection stopped, the softening also stopped and the differential stress remained at a quasi-
constant value with increasing the axial strain (i.e., creep phase). Interestingly, this constant differential
stress corresponds to the peak differential stress observed during the constant pore pressure experiment
performed at P, - Py = 20 MPa (i.e., the effective pressure reached for the injection experiments). During
this quasiconstant differential stress phase, the samples continued to dilate (Figures 6a—6¢ and 7a-7c).
The Vp©™* values continued to drop but with a shallower slope than during the previous phase (Fig-
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Figure 7. Mechanical data obtained for the injection experiments on Tavel limestone (colored curves). Constant pore fluid experiments at P, - Py = 110

and 20 MPa are also plotted for reference (black and gray curves, respectively). (a) Differential stress as a function of the porosity reduction. (b) Differential
stress as a function of the axial strain. (c) Differential stress as a function of the volumetric strain. (d) porosity reduction as a function of the axial strain. The
experiments performed with injection rates of 1, 5, and 10 MPa.min ™" are represented by blue, green and red colors, respectively. Note that for the injection
experiments at 5 and 10 MPa.min™’, the “z-shape” and “u-shape” visible on the curves of differential stress as a function of porosity reduction (close to the peak
differential stress) and porosity reduction as function of the axial strain (at about 0.9% of axial strain), respectively, are not real porosity changes but artifacts
due to the correction methods (i.e., diffusion delay).

“4)

5

ure 8). Similarly, the corrected crack density continues to increase, albeit slower than during previous
phase (Figure 8).

The creep phase ultimately led to a stress drop that marks the sample failure (Figures 6 and 7). Note
that this stress drop occurred systematically when the porosity had increased by about 1%. The stress
drop did not significantly affect the Vp®™*** and corrected crack density values (Figure 8). Note that the
stress drops were sometimes excessive due to the servo-control of the machine.

After the stress drop, a residual stress remained. The residual differential stress had similar values to
the residual stress observed during the constant pore fluid pressure experiments performed at P, —
P; = 20 MPa. After the stress drop, Vp©™® values remained constant at 92%-82% of the initial values.
The corrected crack density also remains constant, at values between 0.1 and 0.15, depending on the
sample.

Post-mortem analyses of the samples showed that all samples presented a principal anastomosed shear
fracture oriented between 22° and 30° from o; (Table 1 and Figure 9). Most of the samples also presented

dis

tributed discreet shear fractures oriented at 20°-35° from ;. However, increasing the injection rate from

1 to 10 MPa.min™" reduced the number of these distributed shear fractures (Figures 9a-9c). Indeed, at low
injection rates (i.e., 1 MPa.min_l), the macroscopic shear fracture is surrounded by discreet millimetric-to
centimetric-scale fractures forming a wide deformation zone around the principal fault (Figures 9d, 9g,
and 9j). For a medium injection rate (i.e., 5 MPa.min™"), the macroscopic fracture is wider and surrounded

by

a small amount of fractures of finite length (Figures 9e, 9h, and 9k). Finally, for high injection rates (i.e.,
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—0 O Vp 90° 10 MPa.min "), the macroscopic shear fracture is marked by three to four
—P, O Vp50.2° parallel fractures, and only few scattered cracks of finite length are pres-
Py O Vp 30.9° ent (Figures 91, 9i, and 91). In summary, the lower the injection rate, the
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Figure 8. P-wave velocities at 90°, 50.2°, and 30.9° from o; corrected for
poroelasticity and normalized by the reference velocity (see Section 2.3

for precision) as a function of time. The computed corrected crack density
values are shown in green. The green zone delimitates the uncertainty

of the computation. The differential stress, confining pressure and pore
fluid pressure are represented by the black, red, and light blue curves,
respectively. (a) Sample TB9 with an injection rate of 1 MPa.min™". (b)
Sample TH9 with an injection rate of 5 MPa.min™". (c) Sample TB8 with an
injection rate of 10 MPa.min™". Note that the corrected crack densities are
underestimated due to the method used (see Section 2.3 for more details).

more the macroscopic shear fracture is bounded by distributed fractures
of finite length.

4. Interpretation and Discussion
The experiments performed in this study highlight that:

(1) Tavel limestone exhibits a brittle-ductile transition at room tempera-
ture and an effective confining pressure around 80 MPa.

(2) Anincrease of pore fluid pressure in a rock sample submitted to duc-
tile conditions turns the system instantaneously to dilation.

(3) The combination of the P-wave velocity decrease and sample dilation
constrain the moment when localized shear deformation take place.
The micro-cracking of the sample starts when the ductile-brittle
transition is overcome. However, macroscopic failure is not instan-
taneous when the ductile-brittle deformation is passed. A transient
creeping phase is necessary to achieve the macroscopic shear failure
of the specimen.

(4) To obtain a macroscopic brittle failure of initially ductile samples
(marked by the stress drop), a critical dilatancy is required. Under
our experimental conditions and strain rates, a dilatancy of about 1%
was systematically needed to obtain shear fracturing.

In the following, we first discuss the brittle-ductile transition of Tavel
limestone with increasing effective confining pressure. Then, we dis-
cuss and interpret the brittle deformations obtained during the duc-
tile-to-brittle transition induced by an increase in the fluid pressure
and compare them to the ones observed during constant fluid pressure
experiments conducted through the transition. Finally, we discuss the
implications of our experimental results for natural and induced deep
seismicity.

4.1. Brittle-Ductile Transition With Increasing Effective
Confining Pressure

To facilitate the discussion of the injection experiments, we summa-
rize here the principal characteristics of the brittle to ductile transition
in Tavel limestone and compare it with previous studies. The micro-
structural analysis (Figure 5) of the constant pore fluid pressure experi-
ments show that Tavel limestone deformed by localized shear fractures
at P, - Py < 50 MPa, by discreet shear zones at P. - Py = 80 MPa, and
by distributed micro-cracking, mechanical twinning and macro-pore
deformations at P, - Py > 110 MPa. These observations agree with the

mechanical data obtained (Figure 3). Indeed, at low-effective pressure, dilatant deformations are directly
linked to micro-crack formation, whereas at high effective confining pressure compaction is related to
mechanical twinning and pore deformation (i.e. with pore volume reduction by cataclastic pore collapse)
(Zhu et al., 2010). The mechanical data (Figure 3) and microstructural analysis (Figure 5) demonstrate
that Tavel limestone has a brittle-ductile transition around an effective confining pressure of 80 MPa at
room temperature. This is in agreement with previously published data by Nicolas et al., (2016) and Va-
jdova et al., (2004) who observed a transition at 70 MPa and between 50 and 100 MPa effective pressure,

respectively.
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Figure 9. Injection experiment post-mortem analysis of the samples. (a-c) Macroscopic photo with schematic representation. (d—f) Mosaic of micrographs

taken under cross-polarized microscope. g-1) SEM images in secondary electron mode. (a, d, g, and j) sample deformed with an injection rate of 1 MPa.min™.

1

(b, e, h, and k) sample deformed with an injection rate of 5 MPa.min™". (c, f, i, and 1) sample deformed with an injection rate of 10 MPa.min". For these
micrographs, o is oriented vertically. Note that the panels magnifications are different. Abbreviations: s, shear fracture; c, crack; t, twinning; op, ovoid pore.

Interestingly, the brittle-ductile transition occurs at the point where the strength (i.e., Qpear) and the resid-
ual friction envelopes cross (full and doted black lines in Figure 4). This characteristic has been observed
previously (e.g., Barton, 1976; Byerlee, 1968; Maurer, 1965; Mogi, 1974; Murrell, 1967). Experimental data
showed that the fracture strength of the material is less pressure dependent than frictional strength (e.g.,
Paterson & Wong, 2005) (Figure 4). Therefore, under high effective pressure, it is assumed that nonfric-
tional deformation mechanisms are more efficient than frictional ones, leading to distributed deformation.
Indeed, considering the ideal case of a rock deforming in the brittle field by wing cracks emanating from
sharp sliding inclined cracks (i.e., wing crack model), if crack sliding is avoided by the pressure effect,
coalescence of micro-cracks will be prevented, and other mechanisms of deformation will be favored (i.e.,
cracks nucleating from other discontinuities, mechanical twinning, pore collapse, etc.,). This allows for the
brittle-ductile transition to be overcome through an increase in the effective confining pressure.
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4.2. Ductile to Brittle Deformation Induced by Pore Pressure Increase

The injection experiments performed showed that an initially ductile rock mass can undergo localized
shear fracturing (i.e., brittle deformations) due to pore fluid pressure increase. Previous experiments on
Carrara marble by Schubnel et al. (2006), led to an equivalent result. Indeed, lowering the effective confin-
ing pressure from 120 to 5 MPa by means of pore fluid pressure increase, caused the brittle failure of the
sample that was initially deforming in the ductile domain. Similar results were obtained by Ougier-Simonin
and Zhu (2013) when increasing the pore fluid pressure from 10 to 18 MPa during the deformation of Berea
sandstone at P, = 80 MPa. Under the initial conditions they tested (i.e., P. - Py = 70 MPa), Berea sandstone is
in a transitional regime between brittle faulting and cataclastic flow. Increasing the P; by 8 MPa was enough
to cause localized shear failure of the sample. Together, these results demonstrate the importance of pore
fluid pressure variation on the ductile to brittle transition.

The obtained results add new constraints on the role and the mechanical effect of pore fluid pressure in-
crease in a system that deforms in an initially ductile manner:

(1) While deformation was primarily compactant in the ductile regime, samples underwent immediate
dilation when the pore fluid pressure was raised (Figure 7). Vp data can be used to better understand
what happened in this primary phase. Indeed, using Vp data and the inferred corrected crack density,
one can approximate the microstructural deformations at hand. By correcting Vp data for the initial
poroelastic response (see Section 2.3), we were able to discriminate between the elastic opening of the
existing crack (i.e., constant Vp®™*?) and new micro-cracks formation/elongation (i.e., drop of the Vp-
coetedy Tny general, Vp© ™! data were dropping immediately after the pore fluid pressure was increased.
Consistent with the velocity data, the computed corrected crack density immediately increased when
the pore fluid pressure was raised. This led us to infer that immediate dilation of the sample was due to
micro-crack formation.

(2) We also demonstrated that the macroscopic failure of the sample is not instantaneous when the
ductile-brittle transition is passed. First, a softening phase occurred up to the moment we reached
the target P; of 100 MPa. Then, a transient creep phase, corresponding to the sample strength at
equivalent effective confining pressure, was needed before failure. During this creep phase dilation
increased up to about 1% prior to failure. Again, using Vp and corrected crack density data, we can
differentiate two distinct phases of Vp®™*! decrease and corrected crack density increase during
the injection experiments: a first fast Vp®™*? decreasing phase during the pore fluid pressure in-
crease and a second slower decreasing phase during the creep phase (Figure 8). These two phases
can also be distinguished on the corrected crack density with two different increasing slopes. We
can thus infer that while the pore fluid pressure was increased (i.e., the first, fast phase of Vpee
decrease and corrected crack density increase) micro-cracking was intense. However, once the
target pore fluid pressure of 100 MPa was reached, the micro-cracking state of the sample was not
enough to result in coalescence. Therefore, a creeping phase occurred, during which micro-cracks
continued their nucleation and propagation (i.e., the second, slower phase of Vp™™*! decrease
and corrected crack density increase). Once the micro-crack density was high enough (i.e., in the
case of Tavel limestone at 1% dilation), coalescence occurred and the sample macroscopically failed
under shearing. The inferred two phases of fast then slower micro-crack density increase agree
with the two phases of faster and then slower porosity increase (Figures 7a and 7d). This result
is in agreement with previous observations in the brittle field where a critical dilatancy is needed
before the onset of macroscopic shear failure (Kranz & Scholz, 1977). Previous experimental and
field studies that measured P-wave velocity during rock or fault macroscopic shear failure (i.e.,
stress drop) have shown that Vp slightly decreases prior to and during shear failure (e.g., Kaproth
& Marone, 2013; Niu et al., 2008; Scuderi et al., 2016; Shreedharan et al., 2021; Taira et al., 2015).
Here, such variation could not be measured during the sample macroscopic shear failure due to the
large interval between two Vp measurements (i.e., every 2 min, while stress drop is quasi-instan-
taneous). Note that the crack densities estimated at the failure of the specimens are smaller than
the percolation threshold (i.e., critical crack density) for failure observed in previous studies (i.e., ~
0.13 rather than 0.3) (e.g., Passelégue et al., 2018; Wang et al., 2013). This is probably related to an
underestimate of the crack density in fluid saturated media, as observed in previous studies (e.g.,
Sarout & Guéguen, 2008a; 2008b).
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Figure 10. (a) Conceptual microscopic model of the deformations occurring during fluid injection into a ductile rock mass. Step 1 represents the bulk ductile
deformations. Step 2 represents the ductile-brittle transition. Step 3 represents the brittle creep deformations. Step 4 show the onset of macro-fault formation.
(b and c) Inelastic axial strain measured at the strain gages as a function of the inelastic axial strain measured at the LVDTs for low (b) and high (c) injection
rates. The color bar shows the pore fluid pressure. In such a plot, a slope of one means that both LVDTs and strain gages record the same deformation and that
strain is accumulated in the bulk. However, a slope of zero indicates that the strain gages do not see the deformation seen by the LVDTs, which reveal that
strain is localized (i.e., very probably accommodated through fault sliding). The different domains of deformation are segregated into the following categories:
at P, — Py > 80 MPa deformation is ductile; at 80 > P, — P;> 60 MPa deformation is typical of the brittle-ductile transition (BDT); at P, — Pf < 60 MPa deformation
is brittle; if the slope is unity, creep is occurring; if the slope is less than unity sliding on macroscopic fault is occurring. The steps 1 to 4 in panel (a) are
represented in the panel b and c by the same colors.

In summary, in a ductile system, pore fluid pressure increase can switch the system to brittle deformation.
However, the pore fluid pressure needs to remain high for a certain period of time/strain so that the mi-
cro-mechanical state of the rock evolves to a critical dilatancy state after which failure under macroscopic
shearing can be induced. The importance of the rate at which the pore fluid pressure is raised can influence
the final microstructural state of the rock mass (Figure 10a). Indeed, for low injection rates, the system
remains at the pressure of the ductile-brittle transition for a longer period of time (Figure 10a), allowing for
the development of transition deformations features (i.e., distributed shear zones) (stage 3 in Figure 10a)
contributing to the damaging of the sample, lowering the creep phase required before sample macroscopic
shear failure (stage 4 in Figure 10). However, high injection rates induce the transition from ductile to brittle
mode of deformation without causing abundant damage (stage 3 in Figure 10a), forcing its creation during
a creep phase at elevated pore fluid pressure (stage 4 in Figure 10a) to reach the macroscopic shear failure
of the specimen.

Following recent data analysis methods (see Aubry et al., 2020; Meyer et al., 2019), strain partitioning be-
tween brittle and ductile deformations can be obtained by comparing the strain measured with the LVDTs
and with the strain gages. This method helps in the differentiation between bulk deformation and sliding
on a fault plane. Indeed, while the LVDTs are measuring the total axial strain, the strain gages (if not placed
on the final macroscopic fault, otherwise they were not taken into account) are measuring the bulk strain
but not the fault sliding that releases energy without storing strain in the surrounding bulk. By correcting
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the strain from the elastic deformations (i.e., using the sample’s Young’s modulus), the inelastic axial strain
(i.e., involving only microscopic damage) at the LVDTs and strain gages can be obtained. The slope of the
inelastic axial strain measured at the strain gages as a function of the inelastic axial strain measured at the
LVDTs allows for the differentiation between bulk deformations and macroscopic fault sliding (Figures 10b
and 10c). A slope of unity indicates deformation occurring in the bulk of the sample, whereas a slope of zero
indicates that deformations are localized and very probably accommodated by fault sliding. At low injection
rates (1 MPa.min ) the onset of macroscopic fault sliding occurred before P; attained 100 MPa (Figure 10b),
while at high injection rates (10 MPa.min™") a bulk axial strain of about 0.3% was needed after P; attained
100 MPa to reach the onset of fault sliding. These data highlight the importance of the damage history of
rock masses regarding possible strain localization, fault formations and possible earthquake nucleation.

4.3. Implications for Deep Deformations and Earthquakes

Under crustal environments where ductile deformations are favored, pore fluid pressure variations are
not rare. They can result from magma build-up in volcanic edifices, dyking, magmatic fluid pulses (e.g.,
Caricchi et al., 2011; Farquharson et al., 2016; Nishi et al., 1996) or fluid release during mineral phase
changes (e.g., Moore & Vrolijk, 1992). We demonstrate that such pore fluid pressure increases would cause
the brittle-ductile transition to migrate to greater depth, possibly leading to shear failure and seismicity at
unexpected depths. This result is in agreement with field data suggesting that periods of elevated pore fluid
pressures are responsible for ductile shear zones to be overprinted by brittle deformation (e.g., Marchesini
et al., 2019; Prando et al., 2020; Wehrens et al., 2016).

In the context of ductile deep reservoir stimulation for geo-energy purposes (e.g., Asanuma et al., 2012;
Bignall & Carey, 2011; Frioleifsson et al., 2014; Tsuchiya et al., 2015) our study suggests that injection would
primarily produce dilation of the mass rock, possibly increasing its permeability and facilitating fluid circu-
lation. However, the data presented here and previous studies on limestone suggest that porosity changes
are relatively small in carbonates (e.g., Nicolas et al., 2017, 2016; Vajdova et al., 2004), inducing relatively
small permeability variations (Meng et al., 2019). Additionally, operators should keep in mind that seismici-
ty would never be suppressed in an initially ductile reservoir under fluid stimulation. Indeed, at such depth,
rock permeability is low (Violay et al., 2015, 2017), requiring large permeability increases for viable exploita-
tion. This would involve elevated pore fluid pressures for extensive periods of time which would certainly
lead to shear failure of the reservoir and possibly to large-magnitude induced seismicity.

Additional experimental and numerical data are needed to better constrain the mechanics of such deep
reservoirs. For example, the effect of temperature on the reservoir rock’s mechanics could not be tested
in our experiments. However, temperature has been shown to be a primordial parameter in brittle-ductile
transition mechanics (e.g., Heard, 1960; Tullis & Yund, 1977). On the one hand, high temperature favors
plastic mechanisms and ductile deformations. On the other hand, as long term injection may lower the in
situ reservoir temperature, it may induce thermal cracking (e.g., Fredrich & Wong, 1986), or stress field
variations (e.g., Fryer et al., 2020). A combination of the pore fluid pressure and temperature variations of
deep crustal rocks must be studied for safe injections.

5. Conclusions

We conducted four constant pore fluid pressure experiments to constrain the brittle-ductile transition of
Tavel limestone. Seven additional experiments with pore fluid pressure increase during the ductile defor-
mation of Tavel limestone were performed. These new data provide new constraints on the role of pore fluid
pressure variations at conditions close to and below the brittle-ductile transition:

(1) Inan initially ductile rock mass where deformations are controlled by compaction mechanisms, a pore
fluid pressure build-up causes the system to instantaneously dilate due to micro-cracking of the rock.

(2) Localized shear fracturing can develop in an initially ductile rock mass by mean of an increase of the
pore fluid pressure. However, the localization is not instantaneous when the ductile to brittle transition
is passed but is linked to the damage history of the rock sample. In the performed experiments, a tran-
sient creeping phase is necessary before macroscopic shear failure occurs.
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